GENERAL ASPECTS OF TRACE ANALYTICAL METHODS -V

COMPARISON OF THE ABILITIES OF TRACE ANALYTICAL METHODS TO DETERMINE SMALL AMOUNTS OR CONCENTRATIONS OF ELEMENTS
Abstract. The report compares realistic "limits of determination" defined as 10 5b I ' where ISb I 5 the standard deviation of the blank, for most elements 1etermined by Lhe more common analytical techniques. Whilst recognising the necessarily approximate and transient nature of the data, it is believed that it will provide a valuable comparison of the capabilities of the techniques considered at the present time.
For many years representatives of the Analytical and Applied Chemistry Divisions have discussed the idea of collecting and tabulating data concerning effectiveness of the most important trace analytical methods for the determination of small amounts or concentrations of elements. In compiling this report the Commission on Microchemical Techniques and Trace Analysis recognizes the reservations which have always to be expressed if various analytical methods, many of them in a state of rapid development, are to be compared in this way. Therefore, this project can only be an attempt to give a temporary and approximate representation.
The ability of analytical methods to detect small amounts or concentrations is best expressed by the statistical term "limit of detection", which Kaiser (Ref.1) has defined as:
= Xbl + k . iblI with ç = f () In these equations, which are accepted by IUPAC (Ref. la), x is the smallest acceptable measureable signal and c the lowest concentration which can be measured by the analytical procedure, and k is a constant. To calculate x the standard deviation 5bl and the mean value xbl of the blank are determined from at least 20 blank analyses. For this, all steps of the complex analytical procedure with their own contributions to the blank must be taken into account, including all reagents and vessels needed, all manipulations, and the electronic noise of the equipment. The factor k depends on the desired or required confidence; by convention k = 3 is mostly used, while k = 6 defines the guarantee of purity according to Kaiser (Ref.1) .
Values of x or c for a given analytical method are only valid in connection with the complete working instruction; each variation of one of the steps of an analytical procedure will lead to some change in the values of x and c. Nevertheless, an examination of the literature shows that tabulated x-values often are calculated from analytical results which have been obtained using highly optimized working conditions or even from idealized model analyses; frequently the value of the factor k is not given.
Additionally, there is often a lack of consideration of the numerous possibilities for systematic errors whose sources and magnitude also change with changes in sample material and analytical conditions. So tables of original data taken from publications, each of which describes the application of a special analytical method to a special analytical problem are mostly of little practical use.
Detection limit data for a method, without information about the sample, its pretreatment and all the details of the analytical procedure, at best can give only a very rough impression of the ability of the method to detect some selected elements or compounds. In consideration of this viewpoint, some simplifying assumptions seemed to be necessary in the present report with regard to a useful comparison and even to a reasonable evaluation of such data for various analytical methods.
1. Instead of the above "limit of detection":
a "limit of determination" LQ was defined using k = 10 in the above forjnu1a (Ref. lb,2).
It was used to compile the capabilities of analytical methods in th following tables. These data are normally based only on the second part of the above e-uation: 10 . sbll under the following provisions (see items 2 and 3); exceptions are the data for spectrophotometric methods and for atomic absorption spectrometry whose c&lculation bases are explained below.
In contrast to the factors k = 3 or k = 6 which a-re well defined from theoretical aspects, the factor k = 10 may be a more practical one, which allows a better consideration of the uncertainty when the abilities of analytical methods in extreme trace analysis are compared.
We also have to rememberthat the factor k = 10, like the factors k = 3 or k = 6, is based on a "normal Gaussian distribution" in spite of the fact that the results in trace analysis approachzero,which means that "non-Gaussian distribution" will frequently prevail. To overcome the problem of inhomogeneous dimensions of literature data which are presented in absolute quantities (g-scale) or concentrations (g ml1 scale) the same symbol LQ will be used in both cases. Therefore, this compilation should be only considered as a first attempt which needs a lot of further discussions and efforts to find a more satisfying solution.
2. The compiled data refer to the determination of elements in pure aqueous solutions which contain only the element in question. They are obtained by averaging literature data. Any combination of the methods of determination dealt with in this survey with special pretreatment techniques such as decomposition or preconcentration, as well as with micro techniques, are omitted. The only exception as regards the combination of preconcentration and determination is anodic and cathodic stripping voltammetry on account of its character, as mentioned at the end of the report.
3. The report is restricted to some of the most important analytical methods of general applicability used in trace analysis. The compiled data were obtained by the use of commercially available instruments and recommended analytical procedures from the literature. Because of this simplification of the procedure of data compilation, any application of the data as standard values in practical trace analysis must be subject to some restrictions. The data are a measure of the effectiveness of analytical methods with regard to the determination of amounts or concentrations of elements that are as small as possible. However, in trace analysis generalization from one analytical problem to another is not allowed because each different sample material may result in a completely new analytical situation leading to very different statistical and systematic errors, and changing the detection limit. Similarly considerable flexibility exists in the operational conditions under which many of the analytical techniques can be applied. Although literature data have been critically evaluated based on the present state of knowledge, the tabulated values can only represent approximations of the "true" limits of determination which are valid for each special analytical problem. Depending on the conditions the possibility of a variation of LQ-values (10. . 5bl ) over a range of one order of magnitude or more must be taken into account. Any generalization should be treated with caution. Nevertheless, the data compiled in this report may be usefully used as an initial survey of the effectiveness of different analytical methods regarding the determination of small quantities of elements. Moreover, critically applied, they may be helpful in selecting the most sensitive method for solving a non-routine trace analytical problem. The limits of determination for a wide range of elements and techniques are compiled below in connection with the following considerations.
1. Molecular absorption spectrometry ( Table. 1) The values correspond to an absorbance of O7O2 for an absorption path length of 1 cm and an assumed absorbance error of ± 0.0025 assuming a sample consumption of 1 ml.
2. Atomic absorption spectrometry (AASjjTable 1 (a) Flame AAS. The values correspond to an absorbance of 0.005 and assume an absorbance error of ± 0.0005, using conventional burners with a 10 cm-absorption path length and a sample consumption of 1 ml. Other burner typs or special fuel/Oxidant gas combinations are indicated by footnotes. New special techniques (e.g. il-injection or Pt-loop), which can give an increase in sensitivity by a factor of 10-100 will not be considered. 3. Atomic fluorescence spectrometry (Table 1) The data asume a sample consumption of 1 ml. Table 2) A sample consumption of 0.1 ml is assumed. Only values corresponding to photographic recording have been mentioned because spectrometric detection which is mainly used in routine analysis depends much more on apparatus parameters and is mostly less sensitive.
Emission spectrograhy (
(a) Direct current arc. In general a 10-15 A arc (occasionally 20-25 A) was employed as excitation source. (b) Copper and graphite spark. A condensed spark of 10-20 kV with optimal inductivity to capacity relatfon was generally employed as excitation source. (Table 2) The data assume a sampTi consumption of 1 ml. (a) Inductively coupled plasma (ICP) spectrometry. In general a 27 MHz 1-3 kW generator with LQ-values (ug ml) of some analytical methods 1) Emission spectrography Table 4 . LQ values of some analytical methods 1,2) in ug ml1 Footnotes to Table 4 o.oos6 pneumatic nebulizer was used. Using an ultrasonic nebulizer the limit of determination can be improved by a factor of 5-10. UHF-excitation sources like a microwave induced plasma (MIP) and capacitively-coupled microwave plasma (CMP) are less universal and are associated with more elemental cross-interferences. This is the reason that they have not yet been sufficiently investigated to compile their limits of applicability.
Emission spectrometry
(b) Flame spectrometry. The fuel:oxidant gas combination with the best LQ value was chosen for each element.
6. X-ray fluorescence spectrometry (XRF Table 3 ). Only wavelength dispersive techniques will bi considered. The L0 values have been calculated for a sample diameter(in general on a paper filter or mylar foiT as sample support) of 30-34 mm with a surface of 7-9 cm2 assuming a sample consumption of 1 ml with respect to the solution technique, which only will be considered in this report.
7. park-source mass spectrography (Table 3) Tocalculate LQ it is assumed that 5 singly charged ions are necessary to achieve the photographic limit of detection. The values calculated were corrected for the relative abundance of the principal isotope and further multiplied by 10 to take into account losses of substance during the measurement (a factor of 2), and for converting the detection limit into the determination limit (a factor of 5) and assuming a solution consumption of 0.1 ml. Solid-state mass spectrography will not be considered, because it is less sensitive.
8. Neutron activation (Table 3) . Also in this context the data are only given for solution techniques, assuming a sample amount of 0.1 ml. Non-destructive excitation of a solid sample will in each case lead to worse limits of determination. The values listed are based on the following assumptions using the mode of decay (yor3 ) that will produce the best LQ : viz. a thermal neutron flux of 1012n cm2 s-i, an irradiation time of 10 h, measurements without delay and loss of substance, i.e. without chemical separation, and with chemical separation with a delay of 30 mm and a 50 % chemical yield and a detectable counting rate of 120 cpm for 13-radiation and 300 cmp for -y-radiation. (Table 4) Among the methods treated in thissurvey, inverse (stripping) voltammetry is the only method that includes an preconcentration procedure, in the form of the plating (deposition) step. Therefore, in stripping voltammetry the sensitivity and LQ are directly proportional to the plating time, which, depending on the time available for analysis, could be from less than 
Electrochemical methods
